Thyroid hormone (TH) metabolism, mediated by deiodinase types 1, 2, and 3 (D1, D2, and D3) is profoundly affected by acute illness. We examined the role of TH metabolism during ventilator-induced lung injury (VILI) in mice. Mice exposed to VILI recapitulated the serum TH findings of acute illness, namely a decrease in 3,5,3′-triiodothyronine (T 3 ) and thyroid-stimulating hormone and an increase in reverse T 3 . Both D2 immunoreactivity and D2 enzymatic activity were increased significantly. D1 and D3 activity did not change. Using D2 knockout (D2KO) mice, we determined whether the increase in D2 was an adaptive response. Although similar changes in serum TH levels were observed in D2KO and WT mice, D2KO mice exhibited greater susceptibility to VILI than WT mice, as evidenced by poorer alveoli integrity and quantified by lung chemokine and cytokine mRNA induction. These data suggest that an increase in lung D2 is protective against VILI. Similar findings of increased inflammatory markers were found in hypothyroid WT mice exposed to VILI compared with euthyroid mice, indicating that the lungs were functionally hypothyroid. Treatment of D2KO mice with T 3 reversed many of the lung chemokine and cytokine profiles seen in response to VILI, demonstrating a role for T 3 in the treatment of lung injury. We conclude that TH metabolism in the lung is linked to the response to inflammatory injury and speculate that D2 exerts its protective effect by making more TH available to the injured lung tissue.
T hyroid hormone [TH, here denoting the active hormone 3,5,3′-triiodothyronine (T 3 ) and its precursor thyroxine (T 4 )] is necessary for the normal development and function of virtually every vertebrate tissue. Although the thyroid gland is predominantly responsible for the production and release of T 4 , the cellular bioavailability of the active T 3 depends on TH-specific transporters and tissue TH metabolism. Metabolism of TH is regulated by three iodothyronine deiodinases. Both type 1 (D1) and type 2 (D2) deiodinases serve to generate bioactive T 3 by outer-ring deiodination of T 4 . D2 has a major role in the intracellular generation of the active TH in mouse; the role of the D1, with its broad substrate specificity and ability to carry out both outer-and inner-ring deiodination, is less well understood. In contrast, type 3 iodothyronine deiodinase (D3) inactivates TH by inner-ring deiodination of T 4 to reverse T 3 (3′,5,3-triiodothyronine; rT 3 ) and T 3 to 3,3′-diiodothyronine (T 2 ), both biologically inactive compounds (1) .
Studies have elucidated the dynamic effects of TH action on brain, bone, liver (2) (3) (4) (5) , and maturation of the fetal lung (6, 7), but little is known regarding the role of TH in adult lung physiology. Until now, evidence suggesting that TH influences adult lung physiology has been indirect and based on the presence of TH receptors (8) , deiodinases (9) (10) (11) (12) , and measured TH concentrations (10, 13, 14) in the lung.
In severe illness associated with lung injury, there are systemic changes in circulating TH levels similar to those observed in other illnesses known as "nonthyroidal illness" (NTI). These changes are characterized by a decrease in serum T 4 , T 3 , and thyroid-stimulating hormone (TSH) with an increase in rT 3 (15, 16) . The mechanisms behind changes in serum TH concentrations that occur in NTI include induction of central hypothyroidism resulting from a diminution in hypothalamic thyrotrophin-releasing hormone. This decrease can be signaled by a localized increase in hypothalamic T 3 catalyzed by altered expression of hypothalamic iodothyronine deiodinases D2 and D3 (17) .
It generally is accepted that extrathyroidal conversion of T 4 to T 3 is decreased in illness because of a reduction in both hepatic/ renal D1 activity and skeletal muscle D2 activity (18) . In addition to these changes, there may be a reactivation of hepatic and skeletal muscle D3, which leads to increased production of rT 3 (19, 20) . However, data from D1, D2, and D3 knockout mice suggest that these enzymes may have little contribution to the low serum T 3 found in acute illness (9, 21) . Because circulating T 3 decreases before many T 3 -dependent tissues become T 3 deficient, it is controversial whether tissues during severe illness are functionally hypothyroid, as indicated by the low serum or tissue levels of TH (21, 22) . The purpose of the current study was to determine whether deiodinase activity as a marker of TH metabolism in the lung is altered in response to lung injury and whether the changes associated with NTI are adaptive or maladaptive. We examined the role of TH metabolism in a mouse model of ventilator-induced lung injury (VILI) (23) (24) (25) (26) . We demonstrate that TH concentrations in blood after VILI recapitulate those seen with NTI. Using mice deficient in deiodinases, we were able to demonstrate that D2 is protective against the effects of VILI. Furthermore, hypothyroid mice had more severe acute inflammatory lung injury than euthyroid mice in response to VILI, and administration of triiodo-L-thyronine (L-T 3 ) to type 2 deiodinase knockout (D2KO) mice reduced the inflammatory lung injury. We conclude that TH metabolism in the lung may be linked to the response to inflammatory injury and speculate that D2 exerts its protective effect by making more TH available to the injured lung tissue.
Results
Serum Thyroid Function Tests in WT Mice After Exposure to VILI. After 4 h of VILI, T 3 serum levels were reduced by 16.1 ± 4.5% compared with spontaneously breathing (SB) animals (67.1 ± 3.6 vs. 80.0 ± 2.3 ng/dL, P < 0.01) (Fig. 1) . Similarly, after VILI, the circulating TSH levels were reduced significantly, to undetectable levels, compared with SB controls (<10 vs. 44.5 ± 14.3 mU/L, P < 0.05) (Fig. 1) . Although no significant differences were found in T 4 serum levels between ventilated and SB animals (2.4 ± 0.2 vs.
2.6 ± 0.2 μg/dL) (Fig. 1) , a significant increase in rT 3 was observed after mechanical ventilation (18.9 ± 2.7 in SB animals vs. 29.3 ± 2.1 ng/dL after VILI, P < 0.05) (Fig. 1) . The decreased T 3 and TSH and the increased rT 3 serum levels observed in this model of acute inflammatory lung injury are in agreement with those seen in the clinical setting of critical illness in patients with acute lung injury (ALI) and in animal models of acute illness (27) (28) (29) (30) (31) (32) (33) (34) .
Genotyping of D2. Because the D2 Thr92Ala polymorphism has been reported to have a protective effect against ALI in humans (35), we searched for the presence of a polymorphism in an homologous amino acid position in mice (ACA Thr in humans; CCT Pro in mice). Nineteen strains of mice (SJL/J, NZW/ LacJ, NZB/BINJ, SPRET/EiJ, MA/MyJ, LP/J, JF1/Ms/ I/LnJ, FVB/NJ, DBA/2J, CZECHII/EiJ, C58/J, C57BL/6J, C3H/HeJ, BTBR_T+_tf/J, BALB/cByJ, AKR/J, A/J, 129S1/SvImJ) were examined; 18 were found to have the CCT genotype, the exception being CCC in the SPRET/EiJ strain.
Effect of VILI on D1, D2, and D3 Expression in Lung. Although we detected D1, D2, and D3 mRNA in the lungs of SB animals, in agreement with previous reports (11, 12) , expression of D1 was lower than expression of D2 [cycle threshold (Ct) for D1, 31.3 ± 0.2; Ct for D2, 28.3 ± 0.4]. No differences in D1 and D3 mRNA levels were observed between VILI and SB WT animals ( Fig.  2A) . Curiously, D2 mRNA expression was increased by 6.4 ± 1.8- . Serum TH and TSH levels in WT mice after VILI. Serum T 3 , TSH, T 4 , and rT 3 concentrations in WT mice exposed to VILI (gray bars) compared with SB animals (black bars). Note that TSH levels were undetectable after VILI and were assigned a value equal to the sensitivity of the assay (10 mU/L, indicated by a dashed line) for statistical analysis. Values shown are mean ± SEM. Differences between groups are indicated: *P < 0.05; **P < 0.01. n = 8 animals per group. Fig. 2 . D1, D2, and D3 mRNA levels and D2 protein levels and enzymatic activity in the lungs of WT animals exposed to VILI. (A) Lung D1, D2, and D3 mRNA levels in WT mice after VILI (gray bars) compared with SB animals (black bars). Values shown are mean ± SEM. Significant differences between groups are indicated: *P < 0.05; **P < 0.01. n = 8 animals per group. The number of cycles in the quantitative PCR (Ct) is given below the bars to indicate the relative abundance of each enzyme. (B) (Upper Left) Immunohistochemical staining of D2 (brown) is shown for an SB WT mouse in which D2 protein was graded as 1+ in the epithelium and 1+ in pulmonary endothelium. Minimal inflammatory cells were observed. (Upper Right) Sections from a WT mouse exposed to VILI demonstrate 3+ D2 in the epithelium and 3+ in pulmonary endothelium. More inflammatory cells were observed, but no immunoreactivity was observed in these cells (indicated by asterisk). (Lower Left) Staining of D2 in a section from a D2KO mouse. The absence of D2 staining shows the specificity of the antibody. (Lower Right) Negligible D2 staining of a WT mice after VILI by using the preimmune serum (n = 2 animals per group). Inset shows a lower magnification a representative area of lung. (C) D2 enzymatic activity after VILI (gray bar) compared with SB animals (black bar). Values shown are mean ± SEM. Significant differences between groups are indicated: *P < 0.05. n = 8 animals per group. fold (P < 0.01) over SB WT mice after VILI (Fig. 2A) . Retrospective review of our prior expression profiling results in murine models of VILI indicated that D2 mRNA was induced in VILIchallenged WT mice (9.5-fold increase at 30 mL/kg tidal volume and 26.2-fold increase at 40 mL/kg tidal volume) (36, 37) .
D1 mRNA
Immunohistochemistry of the SB WT lungs revealed D2 present in airway epithelium and in the pulmonary endothelium ( Fig. 2B ; inflammatory cells were not present in control lungs). VILI-challenged WT mice demonstrated markedly increased immunoreactive D2 protein in pulmonary endothelium and epithelium compared with SB WT mice (Fig. 2B ). D2 immunoreactivity was not detected in the inflammatory cells (indicated by asterisks in Fig. 2B) . Specificity of the anti-D2 antibody was demonstrated by negligible staining of lungs of D2KO mice and lungs of WT mice stained with the preimmune serum (Fig. 2B , Lower). In agreement with the strong induction of D2 immunoreactivity, D2 enzymatic activity was 2.2 ± 0.6-fold higher (P < 0.05) after VILI challenge than in SB WT animals (Fig. 2C) .
Increased D2 mRNA expression as reported as a ratio: SB as 100, was not observed in liver [SB 100 ± 29. To define whether D2 induction by mechanical ventilation in WT mice had a protective or detrimental role in inflammatory lung injury, we exposed mice with targeted D2 deletion to VILI. Both VILI-challenged WT and D2KO mice exhibited an increase in lung vascular permeability compared with SB animals, as shown by the increased protein content in bronchoalveolar lavage (BAL) fluid (1.9 ± 0.3-fold change for WT mice, P < 0.05, and 2.9 ± 0.4-fold change for D2KO mice, P < 0.01) (Fig. 3A) . D2KO mice had a greater increase in BAL protein content following VILI than WT mice, although this difference did not reach significance (P = 0.058) (Fig. 3A ). There were no differences in inflammatory content as determined by histopathologic analysis in SB WT and D2KO mice (Fig. 3B) . In contrast, after exposure to VILI, both groups of animals showed increased inflammatory cell infiltration in the alveolar wall and hyaline membrane formation. However, D2KO mice exposed to VILI demonstrated greater polymorphonuclear leukocyte infiltration and hyaline membrane formation than WT animals (Fig. 3B, arrows) . After VILI exposure, D2KO mice displayed markedly higher elevations in lung chemokine and cytokine levels over SB compared with WT animals: 3.1 ± 1.1-fold for IL-6 (D2KO vs. WT, P < 0.05); 1.8 ± 0.2-fold for IL-1β (P < 0.001); 2.6 ± 0.9-fold for chemokine (C-X-C motif) ligand 1 (Cxcl-1) (P < 0.05); 2.4 ± 0.7-fold for TNF-α (P < 0.05); and 4.4 ± 0.6-fold for chemokine (C-X-C motif) ligand 2 (Cxcl-2) (P < 0.001) (Fig. 3C ).
On the basis of chemokine and cytokine induction and histological analysis of VILI-mediated alterations in lung morphology, D2KO mice appear to be more susceptible than WT mice to VILI, suggesting that the presence of D2 is protective against VILI. As an unbiased approach to elucidate additional tran- . D2KO mice have increased susceptibility to VILI. (A) BAL protein content in D2KO mice compared with WT mice exposed to VILI. VILI evoked significant elevations in BAL protein levels in WT (*P < 0.05) and D2KO mice (**P < 0.01). (B) H&E staining of representative lung sections of SB and VILI-exposed WT and D2KO mice. No pathological differences were seen between SB WT and D2KO mice. Cell infiltration in the alveolar wall and hyaline membrane formation were increased in WT mice exposed to VILI (arrows). Histology of a representative D2KO mouse exposed to VILI that shows higher polymorphonuclear cells infiltration and hyaline membrane formation compared with their correspondent WT mice (three animals per group). (C) Fold change of cytokines and chemokines (IL-6, IL-1β, Cxcl1, TNF-α and Cxcl2) by qPCR in WT mice (n = 6) (black bars) or D2KO mice (n = 6) (gray bars) exposed to VILI relative to SB animals as control. Differences between groups are indicated: *P < 0.05; **P < 0.01. (D) Fold change of Hsp1, Serpina 3G, Mmp9, and Retlnγ by qPCR in WT mice (n = 8) (black bars) or D2KO mice (n = 6) (gray bars) exposed to VILI relative to SB animals as control. Differences between groups are indicated: *P < 0.05; **P < 0.01. Dashed line is drawn at a fold change of "1" for purposes of comparison.
scriptional pathways that underlie the D2KO lung phenotype, we used microarray analysis of lungs from WT and D2KO mice, both SB and after VILI. This approach led to the identification of additional genes with reported roles in regulation of inflammation and damage, including Heat shock protein 1 (Hsp1), Serine (cysteine) peptidase inhibitor, clade A, member 3G (Serpina 3G), Matrix metallopeptidase 9 (Mmp9) and Resistinlike γ (Retnlγ) (Fig. 3D) . Expression of Hsp1 is well described in lung injury and in response to a variety of stressors. In vitro data, as well as data from various animal models of ALI, demonstrate that Hsp1 has an important cytoprotective role during lung inflammation and injury (38, 39) . We found much lower expression of Hsp1 in D2KO mice than in WT mice after VILI challenge (Fig. 3D) , suggesting the possibility of further decreased cytoprotection during lung inflammation in D2KO mice. Also, in WT animals, exposure to VILI induced Serpina 3G (Fig. 3D) , a serine protease inhibitor that is down-regulated by an hypoxia-inducible factor mechanism (40) . However, Serpina 3G was down-regulated after VILI in D2KO mice. Most dramatically, Mmp9 was significantly less induced (55% of levels in WT animals) in VILIexposed D2KO mice (Fig. 3D ). Mmp9 is a gelatinase that has a protective role during inflammatory lung injury (41, 42) . Finally, Retnlγ is a member of a family of cysteine-rich secreted proteins, referred to as "resistin-like molecules" or "found in inflammatory zone," that increase in expression during inflammation and cytokine immune responses (43) , although its function still is not clear. After VILI, the induction of Retnlγ was completely absent in D2KO mice, whereas a 3.5-fold induction was observed in WT animals (Fig. 3D) . In summary, these data indicate that the absence of D2 modifies the lung transcriptome after VILI challenge, increasing the inflammatory response and decreasing cytoprotective defenses against VILI.
Treatment of D2KO with Triiodo-L-Thyronine Decreases Susceptibility
to Inflammatory Lung Injury. We determined whether a potential lung local hypothyroidism accounts for the increased susceptibility of D2KO mice to inflammatory lung injury by pretreating these mice with 0.2 μg/100 g L-T 3 before challenging them to VILI (Fig. 4) . In general, the protective markers of inflammation (e.g., Serpina 3G) in untreated D2KO mice were only 0.5-fold increased relative to SB compared with an increase of 1.1-fold in D2KO mice treated with L-T 3 . More dramatic was the 8.3-fold reduction in Hsp1 expression after VILI; the same gene was stimulated 2.8-fold after L-T 3 treatment in D2KO mice after VILI. Mmp9 and Retnlγ did not change significantly with treatment. In addition, L-T 3 treatment significantly reduced the proinflammatory markers Cxcl1, TNF, IL-1β, and Cxcl2, but not IL-6, in D2KO mice.
Serum Thyroid Function and D1 and D3 mRNA Expression in D2KO Mice Exposed to VILI. At baseline D2KO mice differed from WT mice only in a markedly elevated TSH with similar serum T 4 , T 3 , and rT 3 concentrations (44, 45) . After exposure to VILI, D2KO mice had a significant decrease in T 3 and TSH concentrations (82.3 ± 1.5 vs. 76.1 ± 2.5 ng/dL and 262.3 ± 56.2 vs. 63.4 ± 17.0 mU/L, respectively) and a significant increase in serum rT3 levels (22.1 ± 2.8 vs. 31.7 ± 1.5 ng/dL) compared with SB animals (Fig.  5A) . No significant changes were observed in serum T 4 concentrations (2.5 ± 0.2 vs. 2.3 ± 0.1 μg/dL) (Fig. 5A) . The serum TSH concentration remained significantly higher in D2KO mice than in WT animals when both received VILI (Fig. 4A) .
Lung D1 and D3 mRNA expression in SB D2KO mice and those exposed to VILI were analyzed by quantitative PCR Effect of T3 Treatment on Mice Exposed to VILI 2 μg/100 g L-T 3 for 5 d were subjected to VILI or SB 2 h after the last injection. Shown is the fold change in markers of inflammation and injury by qPCR in WT (n = 6), D2KO (n = 6), and L-T 3 -treated D2KO (n = 6) mice exposed to VILI relative to SB animals as control. In general, protective markers of inflammation (Serpina 3G, Hsp1) increased with L-T 3 treatment (although Mmp9 and Retnlγ did not), and proinflammatory markers (Cxcl1, TNF, IL-1β, and Cxcl2) were suppressed with L-T 3 (although IL-6 was not). Differences between groups are indicated: *P < 0.05; **P < 0.01.
(qPCR). In SB mice, D1 mRNA was 1.9 ± 0.2-fold higher in lung tissue of D2KO mice than in WT mice (P < 0.05) (Fig. 5B) . After D2KO mice were exposed to VILI, D1 levels were reduced by 0.4 ± 0.1-fold, similar in absolute value to levels in WT mice after 4 h of mechanical ventilation (Fig. 5B) . Although an increase of D3 levels was detected in D2KO mice after VILI compared with SB animals, the difference did not reach significance. However, a significant (2.4 ± 0.5-fold) increase in D3 mRNA was observed after VILI in D2KO mice compared with WT mice (Fig. 5B ).
Response of Type 1 Deiodinase Knockout Mice to VILI. To investigate further the role of D1 in inflammatory lung injury, we exposed type 1 deiodinase knockout (D1KO) mice to VILI. As shown in Fig. 6 A and B, WT and D1KO mice had the same degree of inflammatory inflation after VILI, as observed by BAL protein content and by histological examination, respectively. There were no differences in the expression of lung chemokines and cytokine (IL-6, IL-1β, Cxcl1, and TNF-α) levels between WT and D1KO mice exposed to VILI, but Cxcl2 expression was increased by 197% in D1KO mice relative to WT animals exposed to VILI (Fig. 6C ). In addition, no significant differences in Hsp1, Serpina 3G, Mmp9, or Retnlγ were observed between D1KO and WT animals exposed to VILI (Fig. 6D) . These results indicated that the absence of D2, but not D1, increases the susceptibility to VILI. The observation that D1 plays a lesser role than D2 in response to lung injury is in agreement with the low expression of D1 mRNA and undetectable D1 enzymatic activity in the lungs of WT mice.
Hypothyroidism and Susceptibility to VILI. D2KO mice are more susceptible to VILI than WT mice, but we did not detect differences in serum TH concentrations between WT and D2KO mice. To investigate whether TH deprivation in the lung after VILI reproduced the findings in the D2KO mice, globally hypothyroid mice were exposed to VILI. Induction of hypothyroidism was confirmed by serum T 3 , T 4 , and rT 3 expression at low levels or below the level of detection. TSH levels in SB mice and mice with VILI were markedly elevated (15,848 ± 3,020 and 24,481 ± 1,594 mU/L, respectively; P < 0.05). Hypothyroid SB mice lung had increased BAL protein content compared with euthyroid SB mice (Fig. 7) . A similar trend was found in hypothyroid VILI mice, but it did not reach significance (0.4 ± 0.03 vs. 0.31 ± 0.01 mg/mL) (Fig. 7) . Hypothyroid VILItreated WT mice had marked elevations in lung chemokines and cytokine levels compared with euthyroid animals (Fig. 7) reported as a ratio, untreated as 100: 676.9 ± 67.8 vs. 417.5 ± 108.52 for IL-6 (P < 0.05); 1,215.51 ± 218.8 vs. 423.7 ± 53.7 for IL-1β (P < 0.01); 365.6 ± 27.7 vs. 149.5 ± 25.2 for Cxcl1 (P < 0.05); 501.8 ± 81.2 vs. 244.1 ± 25.1 for TNF-α (P < 0.05); and 6,370 ± 1,267 vs. 254.1 ± 60.3 for Cxcl2 (P < 0.001). On the basis of chemokine and cytokine induction, hypothyroid mice had increased susceptibility to VILI.
Hypothyroidism did not modify the expression of D2 mRNA in the lungs of SB WT mice (Fig. 7) , but, as expected, we observed a significant increase in D2 enzymatic activity (Fig. 7) . In contrast to the results observed in euthyroid animals, exposure to VILI did not change the already high D2 enzymatic activity of hypothyroid animals.
Discussion
Our results show that VILI increased lung immunoreactive D2 and its enzymatic activity. Furthermore we demonstrate that D2 up-regulation likely is protective, because D2KO mice had more severe lung injury. One interpretation is that in VILI, induction of D2 may be adaptive to the circulating low T 3 levels, generating more T 3 locally. Alternatively, D2 could be up-regulated in response to the local injury as part of an inflammatory pathway involving NF-κB (Fig. 7) . NF-κB, an important mediator of immune and inflammatory responses, has been strongly implicated in ALI (46) (47) (48) (49) (50) (51) . Evidence supports the notion that NF-κB induces transcription of human and rat D2 gene expression, and, indeed, a potent NF-κB-binding site has been demonstrated in the human D2 gene (52, 53). Interestingly in humans with sepsis and sepsis-associated ALI, D2 is associated with susceptibility to ALI (35) . European Americans carrying the G allele of the D2-coding SNP (rs225014, Thr92Ala) were protected against sepsis-associated ALI. Studies addressing functional consequences of the Thr92Ala SNP are still unclear (54). Peeters et al. (55) showed that the Thr92Ala substitution does not change the kinetics of the transiently expressed D2 enzyme in vitro. One in vivo study demonstrated decreased D2 velocity in skeletal muscle and thyroid tissue in subjects homozygous for the 92Ala allele as result of a decreased maximum enzyme velocity (56) . However, two subsequent studies found much lower levels of D2 activity (two orders of magnitude) in human skeletal muscle (57, 58) , calling these findings into question. Discrepant results can be explained by the complex process of D2 regulation, which involves both transcriptional and posttranscriptional mechanisms. An additional possibility is that the positive findings of the genetic studies that found Thr92Ala to be associated with different pathological conditions are based on linkage with another locus. However, genetic analysis in a homologous amino acid position of D2 in mice failed to demonstrate polymorphism.
The induction of D2 by mechanical ventilation in WT mice may constitute a protective mechanism against VILI by compensating for the local reduction of TH signaling as shown in critical illness (58, 59) . In D2KO mice exposed to VILI, the down-regulation of D1 would decrease T 3 production, whereas the increase in D3 would inactivate TH. Given these effects, plus the natural absence of D2, the total outcome would be the failure to maintain active T 3 locally and possibly a relatively hypothyroid status of the lung of D2KO compared with WT mice. All the factors mentioned above suggest that severe lung damage might be associated with active TH deprivation in lung. Hypothyroidism can aggravate lung injury by impeding the clearance of alveolar fluid, resulting in persistent hypoxia, enhanced cell damage, reduced cell proliferation, altered alveolar macrophage populations, and depressed antioxidant defense systems (60) . Consistently, airspace T 3 rapidly stimulates the clearance of alveolar fluid in rat lungs with and without lung injury (61) by regulating Na-K-ATPase activity (62) . Decreased serum TH levels have been associated with worsening pulmonary function in lung injury or during sepsis (63) ; in agreement with these observations, administration of TH to patients with respiratory distress syndrome and sepsis improves lung compliance (64) . In agreement with these studies, we demonstrated that hypothyroidism worsens lung damage after VILI. We did not measure the TH content of the lung tissue during VILI directly because the contribution of T 3 from extracellular edema made measurement of the true TH content difficult. However, the evidence presented here demonstrates that the profile of inflammatory gene expression in the VILI-exposed D2KO lung is similar to that in the hypothyroid lung. Consistently, treatment of D2KO mice with L-T3 was able to reverse the profiles of expression of the proinflammatory markers by reducing them and increasing the protective markers. Taken together, our data suggest that the lungs of D2KO mice are relatively hypothyroid during the induction of ALI and that T 3 treatment is protective against inflammatory lung injury.
In summary, the rapid induction of D2 enzymatic activity after mechanical ventilation constitutes a protective mechanism against VILI through local production of T 3 . This response likely compensates for the local reduction of bioactive TH signaling, which may serve to dampen the inflammatory response to VILI. Histology of VILI-exposed WT and D1KO mice shows higher polymorphonuclear cell infiltration and hyaline membrane formation with no differences between the two groups (n = 3 animals per group). (C) Fold changes of VILI biomarker genes (IL-6, IL-1β, Cxcl1, TNF-α, and Cxcl2) by qPCR in WT and D1KO mice exposed to VILI relative to SB animals as control. *P < 0.05 vs. WT mice. (D) Fold change of Hsp1, Serpina 3G, Mmp9, and Retlnγ by qPCR in WT (n = 8) and D1KO (n = 6) (gray bars) mice exposed to VILI relative to SB animals as control.
This work supports a role for D2 in the regulation of response to acute lung injury (Fig. 8) .
Methods
Experimental Animals. All experiments were approved by the Animal Care and Use Committee of the University of Chicago. D2KO and D1KO male mice were generated and propagated as described (45, 65) . Mice were 80-100 d of age at the time of analyses and were housed under standard conditions with free access to food and water.
Induction of Hypothyroidism and Treatment with L-T3. TH deprivation was induced in 12-15 male WT mice by feeding with a low-iodine diet for 15 d (Harlan Teklad). On day 15, animals receive an i.p. injection of 10 mU bovine TSH and, 2 h later, an injection of 131 I (150 mCi, in 0.2 mL of saline). Four weeks after injection, VILI was applied to hypothyroid mice.
In a separate group of experiments, D2KO mice were treated with L-T 3 (2 μg/100 g body weight) every day for 5 d. Two hours after the last injection the mice were allocated randomly to the VILI group (six mice) or SB controls (six mice).
Model of VILI. Groups of mice (WT, n = 8 mice per group; D2KO, n = 6 mice per group; D1KO, n = 6 mice per group; hypothyroid WT mice, n = 6 mice per group) were allocated randomly to either the SB or VILI treatment as previously described (36, 37) . Mechanical ventilation experiments were performed in age-matched males after anesthesia with inhaled isofluorane followed by i.p. ketamine/xylazine. Mice were intubated (20-gauge catheter) and placed on mechanical ventilation (Harvard Apparatus) at room air, tidal volume of 40 mL/kg, 65 breaths/min, and positive end expiratory pressure of 0 cm H 2 O for 4 h, as previously described (36) . Ventilated animals were monitored with intermittent blood pressure, arterial blood gas, and body temperature monitoring to ensure adequate perfusion and received 8 mL/kg 0.9% saline at the initiation of ventilation and 2 h after the onset of ventilation. Deep anesthesia was maintained with ketamine/xylazine, and animals were placed in a heated pad throughout the experiment. Control mice were allowed to breathe spontaneously for 4 h under same anesthesia and intubation treatment.
BAL. BAL fluid was recovered as we previously described (66) to determine protein levels. Briefly, mice underwent BAL of both lungs with HBSS (1 mL per mouse). Lavage samples were centrifuged at 500 × g on a refrigerated 
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Euthyroid Hypothyroid ** Fig. 7 . Hypothyroid WT mice have increased susceptibility to VILI. BAL protein content in hypothyroid mice compared with euthyroid animals exposed to VILI. VILI evoked significant elevations in BAL protein levels in euthyroid mice (*P < 0.05) and hypothyroid mice (*P < 0.05; ## P < 0.01 vs. SB euthyroid mice). mRNA levels of the VILI biomarker genes IL-6, IL-1β, Cxcl1, TNF-α, and Cxcl by qPCR in euthyroid (n = 8) and hypothyroid (n = 6) mice SB and after VILI. Lung D2 mRNA and enzymatic activity (Enz Act) in euthyroid and hypothyroid mice after VILI compared with SB animals as control. n = 6 animals per group. Values shown are mean ± SEM. *P < 0.05 vs. SB; **P < 0.01 vs. SB; ***P < 0.001 vs. SB; # P < 0.05 vs. euthyroid VILI; ## P < 0.01 vs. euthyroid VILI; ### P < 0.001 vs. euthyroid VILI. microcentrifuge for 20 min. The supernatant was aliquoted for protein assays using the Bio-Rad DC Protein Assay (Bio-Rad Laboratories).
Histology and Immunohistochemistry. To characterize VILI-mediated alterations in lung morphology, left lungs (three animals per group) were excised from the mainstem bronchus at death and placed immediately in formalin overnight, followed by embedding in paraffin for histological evaluation by H&E staining as previously described (66) . For analysis of D2 protein localization, the lung samples were deparaffinized and rehydrated by passage through graded alcohols to water and were placed in a pressure cooker with citrate buffer, pH 6.0, for 1 min after reaching boiling temperature to retrieve antigenic sites masked by formalin fixation. The tissue sections then were placed in 0.5% vol/vol hydrogen peroxide/methanol for 10 min to inactivate endogenous peroxidase activity; were blocked for 20 min with normal horse serum (Vectastain Elite ABC Kit; Vector Laboratories); and subsequently were incubated for 1 h at room temperature with the primary rabbit D2 antibody (working dilution: 1/100) or with the preimmune serum as a negative control stain. The antibody to D2 was directed against the highly conserved peptide EVRSWLEKNFSKR, residues 253-265 near the C terminus of the protein (67), which was not included in the deleted region of the D2KO mouse. The primary antibody was detected using the ImmPress polymerized reporter enzyme staining system (ImmPRESS reagent kit; Vector Laboratories), according to the manufacturer's specifications. The immunostaining was visualized with the Vector novaRed substrate kit for peroxidase (Vector Laboratories), following the manufacturer's specifications. Counterstaining was performed with hematoxylin (Vector hematoxilin QS nuclear counterstain; Vector Laboratories). Each sample was graded (n = 3 per group) from 0 to 3+ in different locations covering the pulmonary epithelium (including airway epithelium and type II pneumocytes), the pulmonary endothelium, and inflammatory cell infiltrates.
Measurement of Specific mRNA Content In Lung by qPCR. Total RNA was isolated from whole lungs of VILI-challenged and SB mice (six to eight mice per group) for expression profiling as previously described (36) . Transcript levels of Serpina 3G, Mmp9, Hsp1, Remlγ, mouse chemokines and cytokines IL-1β, IL-6, Cxcl2, Cxcl1, and TNF-α, and deiodinases D1, D2, and D3 were measured by qPCR in 96-well microtiter plates with an ABI Prism 7700 Sequence Detector System (Applied Biosystems). Amplification of the housekeeping gene RNA polymerase II was used as an internal control. The oligonucleotide primers were designed to cross introns (Table S1 ). Experimental protocols were based on the manufacturer's recommendation using the TaqMan Gold RT-PCR Core Reagents Kit (Applied Biosystems). Experimental parameters were 48°C for 30 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A relative quantitative method was used to analyze changes in gene expression in a given sample relative to an untreated control sample, and specific mRNA transcript levels were expressed as fold difference, except for hypothyroid mice, for which the values are shown relative to WT euthyroid mice as 100.
Measurement of THs and TSH Concentrations in Serum.
Blood was collected to measure serum TH and TSH concentration levels at baseline, after induction of hypothyroidism, and after 4 h of VILI exposure or SB (control). Serum TSH was measured in 50 μL of serum using a sensitive, heterologous, disequilibrium double-antibody precipitation RIA, and results were expressed in bioassayable TSH units (68) . Serum T 4 and T 3 concentrations were measured by antibody-coated tube RIAs (Siemens Medical Solutions) using 25 and 50 μL of serum, respectively. rT 3 was measured in 35 μL of serum by RIA using reagents from Adaltis Italia. All samples were analyzed individually for each mouse. Because of the previously reported suppression of THs with ketamine/xylazine (69) , comparisons between the ventilated and SB animals were made with both groups treated with the anesthetic.
D2 Enzymatic Activity. D2 enzymatic activity was assessed as described (70) were incubated at 37°C for 1 h. Saturating levels of unlabeled T 3 (1 μM) were added to the reaction mixture to inhibit the D3 enzyme.
Statistical Analysis. Values are reported as mean ± SEM except for qPCR cytokine and chemokine expression data of D1KO and D2KO mice, which are presented as mean fold change ± SEM. Statistical analysis was performed with Student's t test.
